Abstract: In this paper we present the first ecological economic model of coral reefs in Hawai'i. This model contains the main elements required to assess the full picture of coral reef management and thereby enables scientists and managers to evaluate ecological and economic impacts effectively. The model is applied to two case studies, tourist overuse in Hanauma Bay, O'ahu, and algae blooms along the Kīhei coast, Maui. The Hanauma study showed that visitors are willing to pay much more for their experience (around $10) than they are currently doing and that the net benefits of the education program (around $100 million) greatly exceed the cost of the program (around $23 million) over time. The Kīhei coast study concluded that the algae problem causes large losses of real estate value and hotel business and that mitigation could result in benefits of $30 million over time. This would justify major investments in lowering nutrient discharges in the coastal zone.
All over the world, anthropogenic disturbances have been linked to the vast majority of decreases in coral cover (Birkeland 1995) . In Hawai'i, one of the largest threats to coral reefs is human expansion and economic development (Clark and Gulko 1999, Gulko et al. 2001 ). Whether it is direct sedimentation onto the reef, or an increase in the turbidity of the water due to eutrophication, or increases in the amounts of nutrients that enhance the growth of other reef organisms, all these impact on coral health.
The interaction between ecological and economic processes is complex. Yet, it is often this interaction between the two dimensions that is crucial to our understanding of why coral reefs are degrading and how such degradation can be prevented. Therefore, there is an urgent need for a more systematic approach to the integration of ecological and economic processes.
To effectively evaluate the complex interface between reef-related ecological and economic processes, simulation modeling can play a useful role. Modeling techniques allow for systematically structuring the multifaceted web of ecological and economic relationships while providing quantification of the examined scenarios. The objective of the study is threefold: (1) to develop an ecological economic model of the coral reefs of Hawai'i; (2) to apply the model to specific selected case study areas; and (3) to determine the economic costs of reef degradation and to compare costs and benefits of various management options that aim to reverse the trends in these case study areas.
To demonstrate the developed model, two case studies were selected within the region of the main Hawaiian Islands (Figure 1 ): Ha-nauma Bay (O'ahu), addressing tourist overuse, and Kīhei (Maui), addressing excessive nutrients and algae blooms.
materials and methods

The Model
A simplified dynamic simulation model has been developed to deal with the environmental and economic complexities that surround coral reefs in Hawai'i. This integrated model, referred to as SCREEM (Simple Coral Reef Ecological Economic Model), links ecology and economy in a dynamic manner. SCREEM incorporates the relevant ecological economic relations by following pathways linking the type of coral reef ecosystem and its uses and location with the physical goods and services provided by this reef type and the economic value of these values. The model was developed with the software package VENSIM (2000) . A conceptual version of an ecological economic model for coral reef decision making was presented by Gustavson et al. (2000) . Figure 2 highlights the key features of this model and the interactions between different ecological and economic components. It also shows the threats and their impact on ecological factors, as well as the necessary interventions required to mitigate these threats. Finally, the associated costs and benefits of the interventions are displayed. The model uses a 50-yr period ; this allows enough time for the main ecological outcomes to come into effect while being short enough to allow for predictions about future developments. For a general discussion on time horizons in environmental economics, see Pearce and Turner (1990) .
Step 1 combines the five main ecological indicators (coral cover, coral biodiversity, fish stock, fish biodiversity, and macroalgae cover) into one composite ''state of the reef'' indicator.
Step 2 of the model describes the various reef ecosystem functions, which are translated into reef-associated goods and ser- vices to Hawai'i society. The goods and services here are fisheries, tourism, amenities, and biodiversity, although the model can be adjusted easily to incorporate additional functions and goods and services (Moberg and Folke 1999) .
Each of these goods and services has associated economic benefits. The value of the sum of compatible uses of these goods and services forms the total economic value of coral reef ecosystems (e.g., Spurgeon 1992 , Barton 1994 , Costanza et al. 1997 . The procedure of calculating the total economic value of different coral reefs in Hawai'i is explained in detail in Cesar and Van Beukering (2004, this volume) . In this article we limit ourselves to explaining the main features of SCREEM and to presenting the case study results. In the following, the model is presented in separate modules that are interrelated. These modules include ecology, tourism, amenities, and biodiversity. Because the two case studies lack substantial benefits and dynamics of fisheries, the fishery module is not specifically addressed in this article (see Friedlander and Parrish [1998] and the literature quoted there).
ecological module. The complexity of the ecology of coral reefs makes it difficult to model these processes in a realistic manner. To simulate the numerous interdependencies and the multiple threats to coral reefs requires a huge modeling effort with enormous data needs. Even then, it leaves us with large scientific uncertainties. On the other hand, ignoring the ecological processes in the analysis is also undesirable. Therefore, we have developed an ecological module in SCREEM on the basis of existing knowledge and literature. The basic structure of this model is shown in Figure 3 .
SCREEM is designed to simulate various different types of threats to the Hawaiian coral reefs. In the two case studies described here we particularly focus on two threats (Grigg and Dollar 1990) . In the Hanauma Bay case study, we look specifically at the threat of tourism overuse. (Uncontrolled tourist development can lead to physical destruction of coral through trampling, contact with divers, and anchor damage.) The case study in Kīhei focuses on the combination of excess nutrients, runoff, and coastal hardening, thought to be some of the main causes of the algae blooms in North Kīhei. (Insufficient sewage treatment can lead to excess nutrients that stimulate algae growth, which can overgrow the corals. This problem is particularly acute close to estuaries of rivers and urban centers [Rogers 1990 ].) To understand the impact of the individual threats a literature review was conducted (see Cesar et al. [2002] for more details). From this review relationships were estimated between the threats and the different ecological indicators of the coral reef.
SCREEM addresses five ecological indicators that represent the most important environmental characteristics of a coral reef. These are coral cover, coral biodiversity, fish stock, fish biodiversity, and macroalgae cover. These variables are exogenously determined for the first year of the analysis and develop endogenously over time. To present these ecological indicators in a workable manner, and to connect them to the economic modules, a composite indicator is constructed: ''the state of the reef'' indicator.
The following sequential stages take place in the ecological module. First, the individual ecological indicator scores are normalized into a score between 0 and 1. For example, in a site where the maximum coral cover is 60% and the minimum is 0%, these levels are defined as 1 and 0, respectively. A coral cover of 30% is then interpolated linearly with a score of 0.5. The relationship between the normalized score and the indicator is called the value function. Although this function can have different shapes, in our model this function is assumed to be linear. Second, the normalized individual scores are aggregated by attaching weights to the indicators that represent the relative ecological importance of the indicator as compared with the other indicators. In Hawai'i the following weights have been applied: coral cover (30%), coral biodiversity (20%), fish stock (20%), fish biodiversity (15%), and macroalgae cover (15%). These weights are based on expert judgments. Finally, the behavior over time of the ''state of the reef'' indicator, which by definition moves between a score of 0 and 1, is determined. The three stages fall within the ecological module. The modules discussed next address processes that fall within the boundaries of the economy. tourism module. Some 200,000 divers and more than 3 million snorkelers enjoy the Hawaiian reefs every year. They pay a substantial amount in direct and indirect expenditure to admire the unique marine life. Thereby they support a large aquatic tourist industry. In 2002, more than 100 dive and snorkeling operators were registered in Hawai'i, earning between $50 and 60 million per annum. But the recreational expenditures related to coral reefs extend much further than direct dive-and snorkel-related revenues. Bus and taxi drivers bring tourists to popular destinations such as Hanauma Bay, and hotels lodge these same tourists and restaurants feed them after a long day in the water. Therefore, calculating the recreational benefits involves much more than simply adding up the value added of the dive and snorkel industry. In fact, it involves calculating producer surplus for both direct and indirect expenditure as well as consumer surplus. This is described in detail in this issue in Cesar and Van Beukering (2004) .
To determine the dynamics of the recreational benefits, prices and quantities for 2001 were fed into the model. Figure 4 shows the overall structure of the tourism module. An important assumption in the model is the re- Ecological Economic Modeling of Coral Reefs . van Beukering and Cesar lationship between the growth rate and the ''state of the reef.'' Both the dive industry survey and the diver and snorkel survey indicated the dependency of marine activities on the quality of coral reef ecosystems. If the quality of the reef worsens further over time, fewer tourists will decide to go snorkeling or diving. In fact, the growth rate may even become negative at a certain given quality level of the coral reefs. The last step in the tourism module is the summation of the consumer and producer surplus for both the diving and snorkeling activities into the total recreational value. amenity module. Houses, hotels, and condominiums in the vicinity of a healthy marine system are generally more valuable than comparable properties elsewhere. This surplus value of houses and hotel rooms in the vicinity of healthy marine systems has been measured through a survey that we carried out. Combining this with the number of the residential houses, condominiums, and hotel rooms leads to a positive amenity value attributable to a healthy coral reef. On the basis of the expert judgment of real estate agents we assumed that 1.5% of the sale price of the properties is attributable to the coral reefs. This is shown by the outer part of Figure 5. In the case of a negatively impacted coral reef ecosystem, such as seen at North Kīhei in Maui, this positive value will be much lower. The macroalgae problem on the Kīhei coast is believed to cause a negative impact on property values of the affected condominiums as well as the rental prices and vacancy rates in transient accommodations. Therefore, in addition to the positive value attributed to the beneficial aspects of a coral reef, negative impacts are occurring as a result of the corallinked algae problem. This additional negative impact on the amenity value is indicated in Figure 5 by the shaded segment. biodiversity module. The existence of a great number of endemic species makes the Hawaiian coral reefs a unique natural resource. This reef biodiversity aspect generates economic benefits. Figure 6 shows the main components of the so-called biodiversity module. These include the scientific or research value, the nonuse value, and the bioprospecting value.
The bioprospecting value refers to the revenues pharmaceutical companies may be able to retrieve from the diverse genetic pool contained by the Hawaiian coral reef. Because no company is currently active in this field, we do not consider this value for the Hawaiian context.
The research value is determined in a rather straightforward manner. All research budgets that are assigned to coral reef ecosystems in Hawai'i are included in this value category. To this end, a brief survey was performed in Hawai'i to determine the annual budget for reef-related research in 2001.
Nonuse values are based on the fact that people are willing to pay some amount of money for a good or service they currently do not use or consume directly. In the case of the Hawaiian coral reefs they are currently not visitors, yet they derive some benefit from the knowledge that the reef exists in a certain state and are willing to pay a certain amount of money to ensure that actions are taken to keep the reef in that state. The nonuse data applied here are discussed in this issue by Cesar and Van Beukering (2004) .
Case Studies
Two case studies were selected within the region of the main Hawaiian Islands. Criteria that were used for the selection are both practical and more economic. Practical criteria include the location (i.e., even distribution among the Islands), the reef type (i.e., variation of ecosystems), type of threats (i.e., variation of threats addressed [see individual case Ecological Economic Modeling of Coral Reefs . van Beukering and Cesar studies]), data availability (i.e., how to access the data), and representativeness (i.e., can the case studies be used for extrapolation Hawai'i-wide). Economic criteria refer to whether the case studies address a range of benefits such as snorkeling, diving, fisheries, coastal protection, and biodiversity. The selected case studies were at Hanauma Bay (O'ahu), addressing tourist overuse, and the Kīhei coast (Maui), addressing excessive nutrients and algae blooms.
tourist overuse at hanauma bay, o'ahu. Hanauma Bay is the remnant of the inside of a large volcano, whose crater partly collapsed into the sea. The bay is located southeast of Waikīkī on O'ahu and is one of the most heavily used marine reserves in the world. The Hanauma Bay Marine Life Conservation District (MLCD), established in 1976, was the first MLCD in Hawai'i. Reef monitoring showed an average coral cover of 25.8% at 3-m depth and 27.0% at 10-m depth. Macroalgae coverage was very low, at around 2%, and percentages of crustose coralline algae and turf algae were high. In the late 1980s, Hanauma Bay was being almost ''visited to death,'' with 13,000 visitors a day at peak times. These crowds stirred up sediment, disturbed and trampled the coral and algae, dropped trash, fed the fishes, and left a slick of suntan lotion on the bay's surface. To decrease these impacts, the number of visitors was reduced by limiting the entry of cars to the parking lot. Also, a Hanauma Bay Educational Program (HBEP) was set up to improve the marine awareness of visitors. A $3 admission fee is charged to non-Hawai'i residents over the age of 13, as well as a $1 parking charge per car. These fees, together with shop concessions, give Hanauma Bay a solid financial base.
algae blooms on the kīhei coast, maui. Algae blooms have been a recurring problem on reef flats off the southern and western coasts of Maui for many years. This has caused substantial, but localized, disturbance to the beach front, in terms of both its unattractive appearance and unpleasant odor.
Potential contributing factors include wastewater discharge, leaching of injection wells, storm water and agricultural runoff, and golf course runoff. This leads to nutrient enrichment of the shallow reef area, which can cause phytoplankton blooms. These blooms limit the amount of sunlight reaching stony corals, thereby affecting their health. The major algal blooms occur in the North Kīhei area, which has an algae cover of over 50%. Algae cover in South Kīhei, which has not had such problems, is estimated at around 5%. The North Kīhei algae problem is both a costly nuisance and a direct biological threat to local coral resources.
results
The results of the two case studies have two dimensions. On the one hand, the case studies involved elaborated field surveys aimed at revealing a particular economic aspect (i.e., tourist value, amenity value) of the coral reef at that site. This survey generated a snapshot of a particular value at a particular time (see Field Survey under each case study). Next, the possible changes of these values over time were simulated with the SCREEM model. The results of this exercise are presented in Scenario Analysis under each case study.
Hanuama Bay field survey. Little is known about the behavior and perception of divers and snorkelers in Hawai'i. Tabata and Reynolds (1995) reported on the diving industry in 1990 from a macro perspective. The profile of divers and snorkelers in Hawai'i has never been systematically studied. To fill this gap, a survey was conducted in late 2001 and early 2002. Cesar et al. (2002) provided a full overview of the survey. The main purpose of the survey was to determine the average profile of each user group in terms of actual expenditure directly attributable to the diving or snorkeling trip, the consumer surplus for this experience, and the willingness to pay for a healthier marine environment.
The sample population was the active user group of coral reefs in Hawai'i. In total 50 divers and 260 snorkelers were interviewed. In addition, 150 nonusers were surveyed using a short version of the interview to investigate differences in perception between users and nonusers. At Hanauma Bay 152 interviews were conducted. Of these, 97 surveys were self-administered (i.e., respondents were handed surveys that they filled out and returned to the interviewer). Further details on the content of the survey are provided in this issue by Cesar and van Beukering (2004) .
The results of this evaluation are shown in Figure 7 . The real expenditures provide a predictable pattern. Residents generally spend much less on their dive or snorkel because they often have their own gear and also have less transportation costs to access the site. The consumer surplus for the same experience, without any environmental changes, is also largely as expected. Figure 7 shows that these are proportional to the real expenditures of the different user groups.
To determine the environmental component of the willingness to pay question, the consumer surplus was subtracted from the willingness to pay value obtained for a healthier marine environment. The surprising result is that the environmental component is much larger for the snorkeler ($2.69 per snorkeling trip) than for the diver ($0.44 per dive). One would expect the more advanced diver to have a higher willingness to pay to protect the marine environment than the snorkeler. An explanation for this surprising result is that divers already have high costs and may therefore be less willing to increase their expenditures solely for the sake of marine conservation. Another explanation is that divers, who are generally more acquainted with marine protection than snorkelers, are more skeptical about the effectiveness of marine conservation programs. Residents have a relatively high willingness to pay for marine conservation ($2.86), most likely because they feel more affiliated with their own reefs than the visitors do.
Next, the interviewer asked the respondents whether it is reasonable to insist that scuba divers and snorkelers pay a fee for marine preservation. Only 22% of the respondents felt that it was not the responsibility of the users of the coral reef to keep it in proper shape. They felt it was a responsibility of the state to do this. The majority of the respondents, however, felt that divers and snorkelers should also, in one way or another, be held responsible for the costs of marine conservation, thereby supporting the polluter pays principle. Typically, from the response of the subgroups, divers are more reluctant to take responsibility than snorkelers. One of the reasons for this reluctance is that they perhaps feel that their contribution to the overall problem of reef degradation is limited.
In summary, the survey shows that the users of corals reefs in Hawai'i, and Hanauma Bay in particular, are willing to pay much more for their diving or snorkeling experience than they are currently doing. The argument that implementing a user fee or increasing a user fee by a limited amount (e.g., $1 or $2 per experience) would discourage the user from pursuing their activities therefore seems unjustified. In fact, many users feel that it is reasonable to ask for a contribution from the users because they are also partly responsible for the damage done to the reef. The admission fee to Hanauma Bay could therefore be even as high as $10 without having a notable impact on visitor numbers. However, from the viewpoint of equity such a high entry fee may be less desirable.
scenario analysis. The main goal of the Hanauma Bay case study was to determine the value of the reef at Hanauma Bay and to evaluate the effectiveness of the investment in the education center there in terms of costs and benefits. To answer these questions, the SCREEM model was applied. When determining the value of coral reefs at Hanauma Bay, the main question is what future conditions to take into account. The economic value with a specific intervention, such as the implementation of a compulsory education program, is most likely to be very different than the value without an intervention. Therefore we analyzed two distinct scenarios:
(1) With education: The visitors to Hanauma Bay pay their entry fee, pass the education stands, and watch a compulsory short film that describes the coral reefs in Hawai'i and explains how visitors can help to minimize their impacts on the reefs. It is anticipated that physical damage and fish feeding will be considerably less in this scenario.
(2) Without education: The visitors to Hanauma Bay pay their entry fee but bypass the education stands and are not exposed to the film about coral reefs. Physical damage to the reef caused by standing on the reef and fish feeding will continue to occur.
The main economic effects in the Hanauma Bay case study are (1) an increase in satisfaction of visitors to the bay, (2) the positive fishery spillover effect, (3) an increase in biodiversity value derived from a healthier coral reef, and (4) the so-called education spillover effect. This education spillover effect refers to the fact that the snorkelers and divers of Hanauma Bay go snorkeling on average at two or three other locations in Hawai'i and therefore also behave better in those other reef areas. Education thus not only benefits Hanauma Bay itself but also prevents physical damage to other reefs. The education therefore can be considered a longlasting investment in environmental awareness and tourist behavior. Most critics of the education center generally ignore this effect and tend to look only at the effects that education has in Hanauma Bay itself.
In calculating the educational spillover effect, a distinction is made between residents and visitors. As far as visitors are concerned, active visitors snorkel on average 3.8 times during their stay in Hawai'i, of which one snorkel trip will be in Hanauma Bay. The education spillover effect for active visitors is therefore assumed to materialize in approximately two snorkeling trips outside Hanauma Bay. Accounting for this spillover effect we adopted the calculations reported in Cesar et al. (2002) on threats to the reefs of a damage rate of 2 cm 2 per trip. In the case of residents, it should be realized that active residents, who indicated snorkeling on average 10 times a year, will continue doing so for many future years. In other words, the accumulative effect of their education is much larger than for visitors. Calculations show that improved behavior of snorkelers results in less reef change (4 ha) than would otherwise take place. For divers, a damage reduction of approximately 0.2 ha is estimated.
Besides ''educational spillovers'' other forms of positive leakage may occur from Hanauma Bay. Some experts consider the bay as a ''sacrificial site'' within the overall system of Marine Protected Areas in Hawai'i. They believe that the degradation is acknowledged as being beyond the ''optimal level'' on a single site basis but that the resultant revenues are then adequate to fund the entire island's park system and provide protection in pristine areas where such protection might not otherwise be possible. This sort of ''system'' approach is becoming more common in network planning of Marine Protected Areas (see Morris 2002) . We have ignored such spillover effects outside Hanauma Bay.
The findings of the survey were used in the analysis to calculate the recreational benefits of Hanauma Bay. The first step in this procedure was to identify the true user group of the coral reef of Hanauma Bay. After all, not all visitors actually go snorkeling or diving and are therefore not necessarily benefiting from the reef as such. The survey revealed that the most active users were Europeans, of whom 95% went snorkeling or diving. The least-active user groups were the Japanese, of whom only 60% actually put their head under water. The total number of users is estimated to be over 800,000 people.
Next, calculations were made of how much value can be attributed to this marine activity. We took into account four categories. First, we measured the welfare gain of the visitors by determining the consumer surplus. Second, we included the actual expenditure directly related to a snorkeling or diving experience. Third, we considered a share of the expenditure indirectly related to the marine experience, such as hotel costs and travel costs. Fourth, we adopted the multiplier effect developed by the Department of Business, Economic Development, and Tourism (2002) of 1.25 for the overall economy. These different categories are reported in Table 1 . Figure 8 shows the aggregated benefits consisting of the recreational values, the education spillover effects, the biodiversity values, and the fisheries spillover effect. Due to the further degradation of Hanauma Bay, if no proper education program is established, the value of Hanauma Bay will decrease slightly to $35 million in 2050. This decline is caused mainly by the reduction of the consumer satisfaction of the visitors. In the ''with education'' scenario, the value of Hanauma Bay can increase substantially, mainly due to its educational role for general coral reef use in Hawai'i. The area between the ''with education'' and ''without education'' scenarios represents the cost of inaction. At a discount rate of 4% this area representing the net benefits of education is valued at $100 million. The composition of this amount is determined by the increased satisfaction of visitors to the bay (33%), an increased biodiversity value derived from a healthier coral reef (4%), and the education spillover effect (63%). The additional costs of the education program aggregate over time to $29 million at a discount rate of 4%. This is far less than the $100 million net benefits just mentioned generated by the education program. In other words, because the benefit cost ratio at a 4% discount rate of 3.5 greatly exceeds 1, the investment in the education program can be considered economically feasible. Only at a discount rate of more than 12% does the benefit cost ratio become less than 1. Under those conditions, the project is no longer economically feasible. It should be realized, however, that besides economic motives there may exist other reasons, such as purely ecological or social ones, to pursue the education program.
The composition of the net benefits is as follows (Figure 9 ): value of increased satisfaction of visitors to the bay (33%), an increased biodiversity value derived from a healthier coral reef (4%), and the so-called ''education spillover effect'' (63%). The latter comes from reduced coral trampling elsewhere by residents and tourists after watching the obligatory Hanauma video.
Kīhei Coast field survey. The Kīhei coast survey addressed two issues. First, an assessment was made of the damage costs for various stake- holders related to the algae problem. Second, the potential remediation costs of the algae problem were examined.
The macroalgae problem on the Kīhei coast has a negative impact on property values of the affected condominiums as well as the rental prices and vacancy rates in transient accommodations. To study this impact a survey was conducted in early 2002 that compared economic parameters of the oceanfront condominiums in North Kīhei that are affected by chronic algae problems with the experience of comparable, but unaffected, condominium complexes in South Kīhei. This comparison is difficult for several reasons. First, although the North Kīhei algae impact area is readily identified, not all condominium complexes within that area are affected equally throughout the year. Moreover, fluctuations per year are higher than those assumed in the model. In short, we measured the relatively long-term economic effects of the algae problem in North Kīhei. In particular, we concentrated on the difference in room rates, occupancy rates, and property values.
Room rates: As part of the survey, data were collected on daily (transient) room rates at 15 relatively large condominium properties that contained 745 units. Tax information was obtained only from ocean-front condominiums because these properties are most likely to be affected by the algae problem. Although data were collected on a variety of accommodations (e.g., studio, one bedroom, two bedroom, three bedroom, etc.), not all properties offered all options. To simplify the analysis, a one-bedroom unit was used as the basis for comparison. The room rate used was the lowest published (''rack'') rate in effect on 1 May 2002.
The room rate comparison clearly suggests a substantial difference in the room rates of condominiums in the ''algae zone'' of North Kīhei from similar-sized condominiums in the southern ''nonalgae'' zone. This differential is most evident in the comparison of two nearly identical ''sister'' properties: the Menehune Shores and the Royal Mauian. These complexes are architecturally identical, and units in each project have the same floor space and layout. The one-bedroom units in the algae-zone Menehune Shores rent for slightly less that two-thirds the rates commanded by identical units in the Royal Mauian.
Occupancy rate: It is difficult to develop quantitative data on the occupancy rates of condominiums because condominium owners (or their guests) are constantly taking up or leaving residence in their own units. Thus, the rental pool is constantly changing. Furthermore, unlike hotels, the marketing of condominium rentals relies less on organized advertising or sales networks and more on word of mouth and return business or information channels such as guidebooks or internet sites. The situation is further complicated, because unit owners in a given complex may elect to self-rent their apartments as an alternative to having their units managed by a local rental management company. For example, one of the largest condominium complexes in the algae zone is the Maui Sunset. The property has over 216 units and rental marketing is handled by six agencies. In addition, numerous units are directly rented by owners.
Rental agents and owners who were interviewed from the ''algae zone'' properties were unanimous in the belief that they suffered lower occupancy rates due to the algae nuisance. It is interesting that there seemed to be a common belief that vacancy rates were between 5 and 10% lower in the algae area than in similar properties in South Kīhei. Although such estimates are subjective and anecdotal, they do reflect the professional opinion of rental agents who manage units both inside and outside the algae problem area.
Private property values: The market value of a real estate unit comprises many tangible and intangible factors related both to the condition of the unit and to its location. The algae problem is a real factor in the price of condominium units in the North Kīhei area. Everyone seems to accept that the algae problem makes North Kīhei condominiums less attractive and less valuable. There are two interrelated aspects to this property value impact. First, the algae nuisance makes units less attractive as residences. Second, the algae nuisance lowers property values by reducing the income-producing capacity of the units as rentals (i.e., lower rental rates þ lower occupancy).
Due to resource constraints, estimates in this survey were based on a simplified statistical analysis only and not on the hedonic pricing method. To develop an estimate of the impact of algae on property prices, tax records for 771 units in North and South Kīhei were analyzed for the period 1998-2000.
This comparison clearly shows a substantial difference. Though we were not able to prove this statistically, it is assumed that this can be attributed at least partly to North Kīhei's algae problem. However, there are so many variables potentially affecting property values that the estimates probably need some refinement. To eliminate differences in property values that might be associated with basic design, as well as apartment and complex amenities, we compared sales prices for the sister properties Menehune Shores and Royal Mauian. These properties are, in terms of architecture, design, and amenities, largely identical. The details of this comparison are presented in Table 2 .
From this comparison of nearly identical properties, it is clear that one-bedroom units in the algae zone (e.g., the Menehune Shores) were, over the 3-yr study period, only about 43% as valuable as one-bedroom units at the Royal Mauian. Clearly, the location of the two complexes had a very substantial influence on the value of the units. If we assume that the average price difference seen in the Royal Mauian-Menehune Shores comparison is representative of property differentials between the algae and nonalgae areas, then condominium owners in the algae area are experiencing a substantial depreciation of the value of their properties. Though we were not able to prove this statistically due to data constraints, interviews with condominium owners and managers clearly indicated that the algae problem was the single most important determinant of the price differential.
The major condominium properties in the algae zone have undertaken a privately funded beach cleanup program for a number of years. This program involves periodic (daily during peak seasons) collection of algae using traditional construction equipment. The collected algae is either bulldozed into shore berms along the beachfront or stacked into piles in front of the Maui Sunset complex. The stacked algae is collected by Maui County trucks as the need arises and hauled to local composting sites for recycling. The algae cleanup and removal operation is mildly controversial because the removal of beach sand is an inevitable part of the current process. The Maui County Public Works Department is in the process of buying a beach cleanup machine that will minimize sand removal and algae handling. The beach cleanup operation is undertaken by a private contractor at an annual cost to the condominiums of $55,000. scenario analysis. As mentioned, the main goals of the Kīhei coast case study were to determine the value of the reef on the Kīhei coast, and to evaluate the effectiveness of interventions that aim to reduce the nutrient outflow in the Kīhei coastal waters in terms of net benefits. For this purpose the SCREEM model was applied. We analyzed economic values in this assessment under two distinct scenarios:
(1) With nutrient reduction: Several measures will be taken that are aimed to reduce the nutrient outflow into Kīhei waters. These include the upgrading of the Kīhei sewage plant from secondary to tertiary treatment, and improved fertilizing practices in both the agricultural sector and the golf courses. Because current knowledge in this field is still insufficient we need to make a number of assumptions with regard to the effectiveness of these measures. This is explained later in this section.
(2) Without nutrient reduction: No nutrient reducing measures will be taken. This implies that the current trends of algae blooms will continue to occur, leading to further coral reef destruction and continued algae nuisance at Kīhei beaches.
The coral reefs at Kīhei serve various purposes. Figure 10 shows the composition of the main benefits. The most important economic benefits of the coral reefs on the Kīhei coast are the recreational and amenity values. The recreational benefits consist mainly of snorkelers that independently visit the reefs offshore (29%). The majority of the economic benefits of the coral reefs consist of amenity benefits derived from the differences in property values of houses, hotels, and condominiums at healthy and unhealthy coral reefs (65%). Figure 11 depicts development of the annual benefits derived from the coral reefs for the scenarios with and without nutrient reduction. It is not surprising that the annual benefits will further decline from $25 million to $9 million in a situation where the coral reefs will gradually disappear and where algae blooms will continue to occur. In a situation where nutrients are successfully reduced, however, the annual benefits will eventually increase by almost $30 million. The majority of this increase is attributed to the growth in property values. In other words, if appropriate measures are taken, it will take approximately 50 yr before the damage caused so far by the algae blooms on the Kīhei coast is completely eliminated. Due to the delay between the time of the interventions (e.g., sewage upgrade, fertilizer improvement) and the actual reduction of the nutrient levels in Kīhei waters, the annual benefits will inevitably decline for another 10 to 15 yr before the reef will recover and the ecological effect will have materialized in economic benefits.
To get an idea of how the benefits of ''action'' (e.g., the shaded area between the two curves in Figure 11 ) compare with the cost of the required intervention, the cost of upgrading the sewage plant at Kīhei from secondary to tertiary treatment has been esti- Ecological Economic Modeling of Coral Reefs . van Beukering and Cesar mated. We do not claim that this would include all the costs required to solve the algae problem at Kīhei, but it gives us at least some rough idea of the comparison between benefits and costs.
Beginning in 1995, Maui County started a long-term upgrading program for its sewagetreatment plants at Lahaina and Kīhei. The plan was designed to upgrade treatment from secondary to tertiary levels and explicitly recognized the nutrient and algae problem. As part of this plan the county commissioned the Brown and Caldwell consulting company to study rate and fee alternatives for reclaimed water service. The study examined the costs of upgrading sewage effluents to levels that would be suitable for selling reclaimed water to a number of identified users. The study estimated the annual costs of the upgrading scheme to be slightly over $2.3 million per year.
A sensitivity analysis was conducted for the relationship between the total economic value and the discount rate. For all discount rates tested, the benefit cost ratio exceeds 1, implying the cost-effectiveness of the intervention. Two remarks are made concerning this conclusion. First, as mentioned, sewage treatment upgrading is only part of the problem and may therefore not be sufficient to solve the algae problem. The costs will therefore most likely be higher than assumed in this analysis. Second, the benefits taken into account are only those that relate directly to coral reefs. In reality, a number of site benefits will be achieved, such as health effects and water savings, that have not been taken into account in this study and that are often the sole reason to upgrade sewage systems. The benefits considered are therefore an underestimation of the real societal benefits that will occur. The mutual relationship between ecological and economic processes of coral reef ecosystems is strong. Therefore, a multidisciplinary approach is essential in tackling the multiple threats that currently face the fragile coral reefs of Hawai'i. SCREEM is a first attempt to provide a platform for marine biologists and environmental economists to exchange knowledge on the degradation and management of the coral reefs of Hawai'i. Some would like to see more complex interrelationships in the model. Indeed, we acknowledge that the model is rather straightforward. Yet it provides a representation of the current state of the scientific knowledge available in the literature, even though the model simulations are far from accurate and sometimes lack the desired level of comprehension. Moreover, unlike most monodisciplinary studies, SCREEM contains the main elements required to oversee the full picture of coral reef management and thereby enables scientists and managers to evaluate ecological and economic impacts effectively.
Several conclusions can be drawn from the study at Hanauma Bay: (1) visitors to Hanauma Bay are willing to pay much more for their experience ($10) than they are currently doing. This consumer surplus is even larger if they know this payment is used for conservation ($12.50); (2) divers are less willing to contribute to conservation than snorkelers, (perhaps) because of their high expenditures or their skepticism about its effectiveness; (3) the education spillover effect dominates the economic value of the bay; and (4) the net benefits of the education program ($100 million) over time greatly exceed the cost of the program ($23 million) over time.
The Kīhei coast study is incapable of revealing the full picture of the associated costs and benefits of the algae problem. To address these issues appropriately, more geological, hydrological, ecological, and economic information is required. This can only be achieved with the help of a multidisciplinary team and with more research funds. Despite these handicaps, an attempt was made to come up with a rough estimate of the economic values related to the coral reefs and the algae problems and to compare these with an estimate of the costs of upgrading the sewage plant in Kīhei. Several conclusions have been drawn: the losses of real estate value and hotel business are the main effects of the algae problem at Kīhei; and it seems that the costs of reducing nutrient concentrations are smaller than the loss of benefits in the algae problem.
The two case studies show the costs and benefits of coral reef management. Expressing the various elements in economic terms can help policy makers to better understand the trade-offs involved in coral reef management and the costs associated with a policy of ''inaction,'' thereby providing arguments for the State of Hawai'i to reconsider its extremely low budget allocation for coastal zone management compared with other states. Funding from NOAA's Coastal Ocean Program for the study and from the Institute for Environmental Studies at the Vrije Universiteit in Amsterdam for the write-up of the paper is gratefully acknowledged. We also thank John Dixon for helping to set up the study and Sam Pintz for his Kīhei work. Constructive comments by Jack Ruitenbeek and Alan White have improved the paper considerably. The usual caveats apply.
